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Abstract 
In the present scenario of huge demand of energy and economy create the necessity to give importance to all types of energy 
resources either it is conventional or nonconventional. Since the rapid consumption of fossil fuel over billions of people across 
the world are still unable to assess electricity. Furthermore, if the consumption of fossil fuel will be continued then our future 
generation will certainly have to face the shortage of it and the Global warming potential and ozone layer depletion will also 
increase. On account of this the Present paper investigates the application of benzene as a working fluid for ORC system. In this 
paper, performance analysis of organic Rankine cycle with benzene as working fluid has been done to improve efficiency and 
achieve better economy. This paper also describes clearly that if we want to produce 9 kW of power output with the same 
variation of mass flow rate as well as Reynolds number, the efficiency of ORC system will have to vary from 32.87% to 54.98% 
and that is possible only when the temperature at the outlet of turbine will be varied from 259.53oC to 127.22oC respectively. 
Since the fire point of benzene is very low and any instant sparking may cause hazard and hence in our system there is only a 
liquid to liquid heat transfer device. Boiler of ORC system consists of helical coil copper dipped into a thermal energy reservoir 
i.e. heat transfer fluid, therminol vp-1 whose upper temperature limit is 415oC.  
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1. Introduction 
With such a rapid consumption of fossil fuel over billions of people across the world are still unable to assess 
electricity. Furthermore, if the consumption of fossil fuel will be continued to increase then our future generation 
will certainly have to face the shortage of it and the Global warming and ozone layer depletion will also increase. 
Thus, there is a need of safe, sustainable and environmental-friendly source of power production. Proper utilization 
of Renewable energy like solar thermal, geothermal and waste heat sources from industries, gas turbines are capable 
of not only in decreasing the rate of the consumption of fossil fuels but also help to reduce the global warming and 
ozone layer depletion [1]. However, these moderate and high temperature heat sources cannot be efficiently 
converted into electricity through the conventional Steam Rankine Cycle. Verities of thermodynamic cycles such as 
Organic Rankine cycle, Supercritical Rankine cycle, Kalina cycle, Goswami cycle, and trilateral flash cycle have 
been successfully introduced as well as studied for the conversion of various heat sources into electricity [2]. 
Organic Rankine cycle (ORC) has been considered as most feasible cycle to achieve high efficiency while 
recovering various heat sources [3, 4]. Organic Rankine Cycle is same as the conventional Steam Rankine Cycle but 
uses low boiling temperature organic fluids instead of water [5]. Various advantages of ORC system are high 
efficiency, low turbine cost, compact size and the most important one is the environmental-friendly. The main 
disadvantage of the ORC system is that a separate precaution to prevent the leakage and contamination of organic 
fluid. In the past few decades’ various researches have been done in the field of ORC like evolution of different 
methods for the selection of proper working fluids [6,7], installation of moderate-large scale power plant [8], techno-
economic-market surveys [9], thermo-economic analysis [10]. Selection of a potential working fluid is one of the 
important factors in ORC system as it affects the thermodynamic design and performance of all components within 
the system. A good working fluid should have high latent heat, high thermal stability, high density, low cost, low 
toxicity, low ODP and low GWP [11]. Zheng Miao et al [12] analyzed an ORC system with R123 as working fluid 
and scroll expander and found the maximum shaft power and thermal efficiency as 2.35 kW and 6.39% respectively 
at the heat source temperature of 140 °C and the same as 3.25 kW and 5.12% at the heat source temperature of 160 
°C. S. Quoilin et al [13] performed an evaluation of the thermodynamic performance of a low-cost solar ORC 
system with several working fluids and concluded that the cycle achieved a maximum efficiency of about 8 % and 7 
% with working fluid Solkatherm and R245fa respectively. Li Jing et al [ 14] conducted an experiment for power 
generation through utilization of low temperature solar thermal energy with HCFC-123 as working fluid in ORC and 
his one of the conclusion is that the installment of two-stage heat exchanger improves the collector efficiency by 
8.1–20.9% as compared to the single-stage heat exchanger  X.D. Wang et al [15] experimentally evaluated the 
performance of a low temperature solar thermal energy using R-245fa as a working fluid and rolling piston 
expander. The system has average power output of 1.73 kW, average isentropic efficiency of 45.2%. The overall 
cycle efficiency of 4.2%, when the evacuated solar collector is used in the system and with the utilization of flat 
plate solar collector, it was about 3.2%. Manolakos et al [16] experimentally calculated the performance of a low-
temperature solar ORC system for reverse osmosis desalination using R134a as the working fluid and scroll 
expander and concluded the maximum efficiency of expander as 65%, power output as 2.05 kW and ORC efficiency 
as 4%.  Wang et al [17] concluded with experimental results of a solar ORC system, using R245fa and R245fa/R152 
mixtures as the working fluids, that the maximal power output and ORC efficiency were 7.2 W and 5.59%, 
respectively. And added that the system efficiency was enhanced considerably with using R245fa/R152 mixture 
rather than using pure R245fa 
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Nomenclature 
As Surface area (m
2) 
d  Inner diameter of the tube (m) 
hf Heat Transfer Coefficient (W/m
2 K) 
l  Length of the coil (m) 
Ts Surface Temperature (˚C)   
x Distance between the coil (m)         
mf Final mass of organic fluid inside the super heater 
mi Initial mass of organic fluid inside the super heater 
Cp Heat capacity (J/kgK) 
D  Diameter of helical coil (m) 
k Thermal conductivity (W/mK) 
f  Latent heat of vaporization(J/kg) 
Re Reynolds Number 
t  Time to fill the super Heater (s) 
v Velocity (m/s) 
De Dean Number 
hO2 Enthalpy of organic fluid entering the super heater 
uf  Final Internal energy of organic fluid in the super heater    
ui Initial Internal energy of organic fluid in the super heater 
TO1  Inlet Temperature of Boiler 
TTo outlet Temperature of turbine 
hTi Enthlpy at the inlet of turbine 
PTo Pressure at the outlet of turbine 
ṁ Mass flow rate (kg/s)  
L  Helix Length (m) 
N Number of turns 
T  Temperature at the inlet of Turbine 
P Pressure at the inlet of turbine. 
hTo  Enthalpy at the exit of turbine 
R constant for Benzene 
Greek symbols:  
υ Kinematic viscosity (m2/s) 
µ  Dynamic viscosity (Ns/m2) 
η ORC system Efficiency   
ρ  Density (kg/m3) 
Abbreviations: 
ORC  Organic Rankine Cycle 
GWP Global Warming Potential 
PCM  Phase Change Material 
HTF  Heat Transfer Fluid 
2. Model diagram and working principle of ORC system 
 
Fig 1 shows the design of present ORC system.  The important components of an ORC are Boiler, Super Heater, 
Turbine (or Expander), Condenser and Pump. The system consists of a parabolic trough concentrator which reflects 
the solar radiation on the receiver (2). The receiver, acts as reservoir for the Heat Transfer Fluid (HTF), Therminol 
VP 1, consists of a copper helical tube, surrounded by Phase Change Material (PCM), through which HTF flows. 
The radiation falling on the receiver is absorbed by the HTF and carried to the Boiler via HTF pump. Valve V1 is 
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used to regulate the flow rate of HTF through the helical tube. The Boiler again consists of a copper helical tube 
through which the organic fluid, Benzene, flow and converted into vapour. This time the helical tube is dipped into 
the hot HTF. The vaporized benzene enters the super heater in which its temperature and pressure increases to a 
particular value. At that particular pressure and temperature the vapour is allowed to fall on the turbine (or 
expander) to get mechanical work output, the turbine may be further coupled to an alternator (or generator) in order 
to produce electricity. At the exit of turbine Benzene vapour expands and its pressure and temperature decreases 
which is then allowed to enter the condenser to change its phase from vapour to liquid. After the conversion of 
phase, the benzene liquid is pumped to the boiler and the cycle repeats.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3. Mathematical modeling  
In the present system mathematical modeling of the receiver has been done. In the present paper mathematical 
modeling has been done to find out the maximum temperature at the exit of Boiler and Pressure and Temperature at 
the inlet and exit of turbine in order to generate power output from 7 kW to 10 kW. 
3.1. Assumptions 
x Flow through helical coil tube is in laminar zone (Reynolds number below 5000) 
x The copper helical tube is fully dipped into the constant temperature HTF. 
x Copper tube thickness is very small 
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x Organic fluid, Benzene, flows through the helical coil Second point 
x Surface Temperature (TS) of the helical tube, dipped into the HTF reservoir is remains constant. 
x Organic fluid, Benzene, flows through the helical coil 
x All the process of ORC system follows ideal conditions i.e. expansion through turbine and pump work follows 
reversible adiabatic process Second point 
x Vapor of Benzene follows ideal gas equation. 
x The Properties of organic fluid and heat transfer fluid does not vary with temperature. 
                             Table 1. Designed dimension for the helical coil 
Dimensional Parameter Dimensions 
Inner diameter of the tube (d) 0.02 m 
Diameter of helical coil (D) 0.2 m 
Helix Length (L) 
Thickness of the tube (t) 
Length of the coil (l) 
Distance between the coil (x) 
Surface area (As) 
Inlet temperature of HTF (TH1) 
Number of Turns (N) 
1.55 m 
0.001 m 
22 m 
0.028 m 
1.3816 m2 
25oC 
25 
 
                           Table 2. Properties of therminol VP-1 [21] 
Dimensional Parameter Dimensions 
Optimum use range, liquid 12- 400 oC 
Optimum use range, vapor 260 – 400 oC 
Kin. Viscosity at 40˚C (υ) 
Kin. Viscosity at 100˚C (υ) 
Density of HTF (ρH) 
Thermal conductivity at 100 ˚C (k) 
Heat capacity at 100 ˚C (Cp) 
2.5 mm2/s or 2.5×10-6 m2/s 
0.97 mm2/s or 0.97×10-6 m2/s  
1060 kg/m3 
0.1276 Wm−1 K−1 
1780 J/kg.K 
 
3.2. Calculation of pressure and temperature at the exit of the super heater 
Assume the super heater as a closed and perfectly insulated container having an inlet and exit valve. Initially 
assume that the outlet valve is fully closed and only inlet valve is open so that organic fluid will enter the super 
heater. After some time (t) the outlet valve of Super Heater is opened such that the mass flow rate of organic fluid 
entering the super heater will be equal to the mass flow rate of organic fluid leaving the super heater, so that a steady 
condition (constant pressure (P) and temperature (T)) will be maintained inside the super heater. Thus, when only 
inlet valve is open, then from energy balance equation-  
           u m m h mm iiffo2if   u                                                                                                                       (1) 
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The final temperature (T) inside the super heater can be written as 
 
 
                                                                                                                                    (2) 
 
 
 Thus, the pressure inside the super heater, 
 
 
                                                                                                                                                 (3) 
3.3. Calculation of pump work 
The pump work Wp is calculated as follows, 
The required pressure can be written as 
 
                                                                                                                                                         (4) 
 
Where, Pp is the total Pressure required to be produced by the pump, it include the Pressure drop (∆H) across the 
Helical Coil Tube due to friction and the pressure (P) required to maintain inside the Boiler. 
 
    Pp = ∆P +P                                                                                                                                                                     (5) 
Thus pump power can be written as 
 
                                                                                                                                                           (6) 
 
3.4. Calculation of turbine work 
The mechanical work output from the turbine can be written as  
 
                                                                                                                                           (7) 
 
3.5. Calculation of efficiency of organic Rankine cycle 
The efficiency of cycle can be written as: 
                                                                                                                                                           (8) 
 
 
3.6. Calculation of Nussle number (Nu) [24, 25] 
It can be calculated by various correlations of specified conditions: 
x Kalb et al. 
Nu = 0.836 De0.5 Pr0.1                                                                                                                                              (9)          
For De ≥80 and 0.7<Pr<5 
x M.R. Salimpour 
Nu = 1.52 De0.431 Pr1.06 γ0.277                                                                                                                                  (10) 
For De< 3000 
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4. Results and discussion 
Let the parameter be NTU, it is desirable for cost effective heat exchanger that the value of NTU should be below 
and close to 5. When NTU close to 5 the effectiveness of heat exchanger will be close to 1. This is the requirement 
of efficient heat exchanger. It can be easily seen from the Fig.5 (a) that the minimum value of NTU is 8.195, which 
is far greater than the value 5. A bigger value of NTU (>5) indicates that the effectiveness of heat exchanger is close 
to 1 but its shape and size also increases which means that there is wastage of material in the construction of heat 
exchanger and thereby its cost increases, which is undesirable for us. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. (a) Variation of NTU with Nusselt number using equation (9); (b) Variation of NTU with Nusselt number using equation (10) 
 
Figure 2. (b) has been plotted between different values of Nussle number (Nu) using equation (10) and the 
corresponding values of NTU. The value of Nusselt Number (Nu) ranges from 3.698 to 19.967 and accordingly the 
value of NTU ranges from 39.583 to 4.273. It can be easily seen that the minimum value of NTU is 4.273, therefore 
so many values of NTU are below and close to 5 and on selecting any value for NTU the Heat Exchanger will be 
cost effective as well as highly efficient. From above result we have finally selected the value of Reynolds number 
(Re) as 4000, corresponding value of Dean number (De) as 1264.91, mass flow rate (ṁ) as 0.0208 kg/s. Nusselt 
number (Nu) as 18.136, heat transfer coefficient (hi) as 127.409 (W/ m2K) and NTU as 4.852. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. (a) Variation of friction factor with Reynolds number; (b) Variation of pressure drop with Reynolds number 
 
In figure 3. (a) and (b) it is usually shown that the variation of friction factor and pressure drop inside the copper 
helical coil in the boiler with respect to Reynolds number. In Fig. 3 (a) there is a decrease in friction factor with the 
increase in Reynolds number. For Reynolds number 100 to 2000, there is a drastic decrease in friction factor and 
a                                                                                       b 
  
a                                                                                         b 
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from 2000 to 4000 rate of decrease of friction factor with Reynolds number is very slow and after 4000 it is almost 
constant. At the same time pressure drop increases considerably with Reynolds number above 4000. Therefore, 
further increase in Reynolds number is responsible for loss of head due to the square of velocity. That is why the 
mathematical calculations have been done at Reynolds number 4000 which is under laminar zone. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. (a) Variation of outlet temperature with inlet temperature in the boiler; (b) Variation of temperature Vs time in the super heater 
 
Figure 4. (b) Shows that on changing the inlet temperature of the Boiler from 25 to 77 °C the variation in outlet 
temperature ranges from 396.91 to 397.31°C, thus the value of outlet temperature of the Boiler is nearly independent 
of the inlet temperature. So if somehow the inlet temperature of the boiler is decreases then it is not mandatory to 
increase its temperature to boiling temperature by addition of external heat source. Fig. 8 shows the variation of 
Temperature inside the super heater with time for the initial mass of 0.5 kg anld1 kg respectively. From this figure 
we have selected the initial mass inside the super heater as 1 kg and after 12 seconds the temperature inside the 
super heater becomes 458°C. At this temperature the pressure inside the super heater is 25.33bar. With this 
temperature and pressure the benzene vapor is allowed to enter the turbine 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.  shows that the efficiency of system decreases with the mass flow rate for constant work output 
 
Figure 5 shows that the efficiency of system decreases with the mass flow rate for constant work output. When 
desire work output is fixed then the efficiency of the ORC system depends upon the temperature difference between   
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the temperatures at the inlet and outlet of the turbine and the mass flow rate. In our system, the temperature at the 
inlet of turbine is constant and hence, efficiency of   ORC system can be controlled by adjusting the mass flow rate 
as well as temperature at the outlet of turbine. At higher work output   i.e. at 10 kW, ORC system follow the same 
variations as for 8 & 9 kW of power generation but efficiency get diminished due to higher value of temperature at 
the exit of turbine and hence the loss of the enthalpy. Hence, for improving the efficiency of the ORC system, 
reheating is the best option. 
5. Conclusion 
Novelty of the present work is that the solar thermal power plant which has been modeled in this paper working on 
binary cycle. First cycle is operated with the heat transfer fluid in liquid state while the second cycle is operated with 
organic fluid, Benzene. Comparison of efficiencies corresponding to different work output has been compared. This paper 
includes the application of benzene as a working fluid for ORC system. Possible outcomes of power output and efficiency 
of ORC system has been established. Power outputs of 8 kW, 9 kW and 10 kW have been tested mathematically. The 
efficiency of ORC system has been varied with possible temperature of turbine outlet as well as with mass flow rate at the 
inlet of turbine. It was found that for 8 kW of power output the Rankine efficiency may achieve in the range of 29.19 % to 
48.84 % with varying mass flow rate in the range of 0.015 kg/s to 0.026 kg/s and accordingly Reynolds number varies 
from 3000 to 5000 under Laminar zone. This paper also describes clearly that if we want to produce 9 kW of power output 
with the same variation of mass flow rate as well as Reynolds number, the efficiency of ORC system will have to vary 
from 32.87% to 54.98% and that is possible only when the temperature at the outlet of turbine will be varied from 
259.53oC to 127.22oC respectively.  
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